Protein ubiquitination is an important mechanism that regulates diverse cellular processes, including protein degradation, signal transduction, immune response, cell cycle control, endocytosis, and vesicle trafficking (12, 16) . This molecular mechanism is under the control of both ubiquitin enzymes and deubiquitinating enzymes (DUBs). The DUBs are a family of cysteine proteases that specifically digest polyubiquitin chains (21) . In addition to their housekeeping function in the regeneration of free ubiquitin molecules, the DUBs play an important regulatory role in determining the fate and function of specific ubiquitin-conjugated proteins (12) . A new member of the DUB family, CYLD (6, 22, 39) , was identified as a tumor suppressor mutated in familial cylindromatosis (4) , an autosomal dominant predisposition to multiple tumors of the skin appendages (5, 37) . Recent studies suggest that CYLD mediates deubiquitination of certain signaling molecules, including members of the tumor necrosis factor receptor (TNFR)-associated factor (TRAF) family (22, 28, 39) .
TRAFs function as signaling adaptors of the TNFR superfamily (2) as well as a number of other immune receptors, such as toll-like receptors, interleukin-1 receptor, and T-cell receptor (1, 7, 38) . A common structural feature of TRAFs, with the exception of TRAF1, is their possession of a ring finger domain known to mediate protein ubiquitination (24) . It has been shown that TRAF2 and TRAF6 function as ubiquitin ligases that catalyze both self-ubiquitination and the ubiquitination of specific target molecules involved in signal transduction (10, 13, 18, 34, 41) . Strong evidence suggests that the ubiquitination of TRAF2 and TRAF6 functions as a molecular trigger for initiating downstream signaling events, including activation of c-Jun N-terminal kinase (JNK) (13, 34) and IB kinase (IKK) (38, 41) .
IKK is known as a specific activator of the transcription factor NF-B (20, 36) . The IKK complex is composed of two catalytic subunits, IKK␣ and IKK␤, and a regulatory subunit termed IKK␥ (19) . Upon activation by various cellular stimuli, IKK phosphorylates the NF-B inhibitor IB␣, triggering the proteolysis of IB␣ and nuclear translocation of active NF-B (19) . The canonical substrates of JNK include c-Jun, JunD, and ATF2, components of the transcription factor AP-1 (9) . Like IKK, JNK regulates diverse biological processes, ranging from immune responses, cell growth, and apoptosis to tumor formation (9, 17, 23, 25) . A role for CYLD in IKK regulation is suggested by some recent studies, which reveal that CYLD inhibits the activation of an NF-B reporter gene (4, 6, 22, 39) . Using RNA interference (RNAi)-mediated CYLD knockdown, we have shown that CYLD is also a key negative regulator of JNK downstream of specific immune receptors (29) . In agreement with these findings, CYLD inhibits the ubiquitination of both TRAF2 and TRAF6 in transfected cells (6, 22, 39) . However, despite these important observations, the molecular mechanism regulating the function of CYLD remains unknown. In this study, we demonstrate that CYLD plays a dominant role in suppressing the ubiquitination of endogenous TRAF2. CYLD knockdown results in constitutive ubiquitination of TRAF2. Interestingly, signal-induced TRAF2 ubiquitination is associated with site-specific phosphorylation of CYLD, a molecular event that appears to prevent CYLD from inhibiting the ubquitination of TRAF2. We further demonstrate that the CYLD phosphorylation is dependent on IKK␥.
MATERIALS AND METHODS
Plasmid constructs. Human CYLD was cloned by reverse transcription-PCR (RT-PCR) and inserted into the pcDNA-HA (hemagglutinin) vector (15) . CYLD truncation mutants were generated by PCR and designated by the specific amino acid residues retained in the mutant proteins. The CYLD mutants harboring amino acid substitutions were created by site-directed mutagenesis (Stratagene) using the wild-type CYLD expression vector as template (the primer sequences are available upon request). An RNAi-resistant form of CYLD (CYLD R ) and its mutants were produced by introducing sense mutations (no alteration of amino acid codons) at the small interfering RNA (siRNA)-binding site. To generate the retroviral vectors expressing CYLD and its mutants, the corresponding cDNAs were transferred from pcDNA-HA to the pCLXSN retroviral vector (provided by Inder Verma; see reference 26). In some experiments, the pCLXSN vector was modified by replacing its neomycin-resistant gene with the green fluorescence protein (GFP) gene. Myc-tagged IKK␥ was generated by inserting the human IKK␥ cDNA into pcDNA vector downstream of a myc epitope tag. pCLXSN-hCD40 was cloned by inserting the human CD40 cDNA into the pCLXSN retroviral vector. Expression vectors encoding HA-tagged IKK␣ and IKK␤ (40) , HA-tagged ubiquitin (42, 43) , glutathione S-transferase (GST)-IB␣(1-54), and GST-c-Jun(1-79) (29) were described previously. GST-CYLD(403-513) was cloned by inserting a DNA fragment encoding amino acids 403 to 513 of human CYLD into the pGEX4T-1 vector (Amersham/Pharmacia Biotech). The point mutants of GST-CYLD(403-513) were generated by sitedirected mutagenesis. All the DNA constructs were sequenced at the Core Facility of Hershey Medical Center.
Antibodies, cell lines, and other reagents. The anti-CYLD antibody was generated by injection of rabbits with a GST fusion protein containing an N-terminal region of human CYLD (amino acids 136 to 301). The phospho-specific CYLD antibody (anti-P-CYLD S418) specifically recognizes CYLD containing phosphorylated serine 418. This antibody was generated by injection of rabbits with a keyhole limpet hemocyanin-conjugated peptide covering amino acids 413 to 428 of human CYLD, in which serine 418 was phosphorylated. Polyclonal antibodies for tubulin (TU-02), JNK1 (C-17), JNK2 (N18), TRAF2 (C-20), and IKK␥ (FL-419) were purchased from Santa Cruz. Horseradish peroxidase (HRP)-conjugated HA antibody (3F10) and human recombinant TNF-␣ were from Roche Applied Science. Phorbol myristate acetate (PMA), ionomycin, and lipopolysaccharide (LPS; derived from Escherichia coli 0127:B8) were from Sigma. Recombinant IKK␣ and IKK␤ proteins were provided by Michael Karin.
Human embryonic kidney 293 cells, human cervical carcinoma HeLa cells, human B-cell line BJAB, and human leukemia T-cell line Jurkat were obtained from American Type Culture Collection. IKK␥-deficient Jurkat cell line, JM4.5.2, and its IKK␥-reconstituted derivative, JM4.5.2-IKK␥, were described previously (14, 30) .
RNAi. siRNAs specific for human CYLD and luciferase were synthesized by Dharmacon Research, Inc. (Lafayette, CO). The sense strand sequences of the oligonucleotides are as follows: CYLD siRNA, AAGUACCGAAGGGAAGU AUAG; and luciferase siRNA, AACTTACGCTGAGTACTTCGA.
For siRNA delivery, 293 and HeLa cells were transfected in six-well plates with 140 pmol of siRNA, using Oligofectamine (Invitrogen). At 16 to 24 h following the first transfection, the cells were transfected again with the same amount of siRNA together with 300 ng carrier DNA, using Lipofectamine 2000. At about 30 h after the second transfection, the cells were used for different experiments.
For stable gene knockdown using the small hairpin RNA (shRNA) technique, a double-stranded oligonucloetide corresponding to the CYLD siRNA was cloned into the pSUPER-retro-puromycin vector (Oligoengine) downstream of the U6 promoter. The generated retroviral construct, named pSUPER-shCYLD, was used to produce recombinant viruses and infect the indicated cells. The infected cells were enriched by selection using puromycin. The bulk-infected cells were used in the experiments to avoid clonal variations.
IB, IP, and in vitro kinase assays. Cell lysates were prepared by lysing the cells in a kinase lysis buffer supplemented with phosphatase inhibitors and immediately subjected to immunoblotting (IB) and in vitro kinase assays as described previously (40) . To detect phosphorylated CYLD based on its band shift, the CYLD proteins were first concentrated by immunoprecipitation (IP) (using anti-CYLD) followed by fractionation using 6% sodium dodecyl sulfate (SDS) gels and IB. coimmunoprecipitation (coIP) was performed to determine the interaction of CYLD with TRAF2 and IKK␥.
In vivo ubiquitin conjugation assays. The indicated cells were transfected in six-well plates with pcDNA-HA-ubiquitin (0.5 g). At 30 to 40 h following transfection, the cells were stimulated as indicated and lysed in radioimmunoprecipitation assay buffer (42) supplemented with inhibitors of ubiquitin hydrolases (20 mM N-ethylmaleimide and 5 M ubiquitin aldehyde). The cell lysates were immediately subjected to IP using anti-TRAF2, and the ubiquitin-conjugated TRAF2 was analyzed by IB using HRP-conjugated anti-HA antibody.
Retroviral infection. Retroviral particles were produced using the pCLXSN vector system as previously described (8, 30) . The infected cells were enriched by drug selection using either puromycin (for CYLD knockdown with pSUPERretro-puro vector) or neomycin (for infection with pCLXSN vector). For reconstitution of the Jurkat-shCYLD cells with RNAi-resistant CYLD (CYLD R ) or mutant M4 (M4 R ), the pCLXSN(GFP) vector was used and the infected cells were enriched by fluorescence cell sorting (Core Facility of Hershey Medical Center). The bulk-infected cells were used in the experiments to avoid clonal variations.
RPA. Total cellular RNA was isolated from the indicated cells using the TRI reagent (Molecular Research Center, Inc., Cincinnati, OH). The RNase protection assay (RPA) was performed using the BD RiboQuant reagents and a custom template set according to the manufacturer's instructions (BD Biosciences).
Luciferase reporter gene assay. Luciferase assays were performed using Jurkat T cells expressing wild-type CYLD (Jurkat-shCYLD-CYLD WT R ) or a phosphorylation-defective CYLD mutant (Jurkat-shCYLD-CYLD M4 R ). To create these cells, Jurkat T cells were first infected with pSUPER-shCYLD to stably knock down endogenous CYLD. The generated Jurkat-shCYLD cells were then reconstituted, by retroviral infection, with an RNAi-resistant form of either the wild type (WT R ) or phosphorylation-deficient mutant (M4 R ) of CYLD. For luciferase assays, the cells (5 ϫ 10 5 ) were seeded in 12-well plates and transfected using Fugene 6 transfection reagent (Roche Applied Science) with B-TATAluc reporter (250 ng) together with 250 ng of either an empty pCLXSN vector or the same vector containing human CD40 cDNA (pCLXSN-CD40). After 40 h, the cells were lysed in a cell lysis buffer (passive buffer) and subjected to dualluciferase assays (Promega; dual-luciferase reporter assay system).
RESULTS
CYLD knockdown results in constitutive ubiquitination of TRAF2. Recent studies suggest that TRAF2 undergoes rapid ubiquitination in response to TNF-␣ stimulation, which is involved in JNK activation (13, 34) . Since CYLD functions as a negative regulator of JNK in the TNF-␣ signaling pathway (29) , we analyzed the role of CYLD in regulating the uibquitination of TRAF2 under endogenous conditions. For these studies, endogenous CYLD was knocked down in 293 cells by RNAi followed by examining the ubiquitination of endogenous TRAF2 under untreated or TNF-␣-stimulated conditions. As expected, the expression level of CYLD was greatly reduced in cells transfected with a CYLD-specific siRNA (siCYLD; Endogenous CYLD undergoes phosphorylation in response to immune stimuli. During the course of CYLD IB assays, we noticed that when the cell lysis buffer was supplemented with phosphatase inhibitors, a more slowly migrating CYLD band could be detected in Jurkat cells stimulated with mitogens (PMA plus ionomycin) or TNF-␣ ( Fig. 2A) . Interestingly, the slower-migrating form of CYLD could be converted to its basal form by in vitro incubation with a nonspecific phosphatase ( Fig. 2A, lane 13) , thus revealing phosphorylation as the nature of CYLD modification. The CYLD phosphorylation was also readily detected in TNF-␣-stimulated 293 ( Fig. 2C ) and HeLa cells (Fig. 2D ) as well as in LPS-stimulated BJAB B cells (Fig.  2E) . Notably, the kinetics of CYLD phosphorylation was correlated with the phosphorylation of IB␣, both appearing as early as 5 min in cells stimulated with mitogens and TNF-␣ ( Fig. 2A , C, and D, lane 2; P-CYLD and P-IB␣). Consistently, the activation of IKK was also tightly associated with CYLD phosphorylation (compare Fig. 1A and B). The slightly delayed kinetics of IB␣ degradation, compared to that of IKK activation and phosphorylation of CYLD, is consistent with the involvement of postphosphorylation steps (e.g., ubiquitination and proteasome targeting) in this proteolytic event. Together with the previous finding that CYLD physically interacts with the IKK regulatory subunit, IKK␥ (22, 39) , these results raise the intriguing possibility that IKK may be involved in the inducible phosphorylation of CYLD.
CYLD phosphorylation requires IKK␥ and can be induced by IKK catalytic subunits. To determine the importance of IKK in CYLD phosphorylation, we analyzed this signaling event using an IKK␥-deficient Jurkat T-cell line, JM4.5.2, which was created in our laboratory (14) and has since been used in numerous studies by others. Due to the lack of IKK␥, the IKK complex cannot be activated by various known IKK stimuli, such as mitogens and cytokines, and this defect can be rescued by expression of the exogenous IKK␥ (30, 31) . As expected, mitogens failed to induce the degradation of IB␣ (target of IKK) in JM4.5.2 cells (Fig. 3A, lower panel, lane 4) , but this signaling defect was rescued when the mutant cells were reconstituted with exogenous IKK␥ (lane 6). Remarkably, the inducible phosphorylation of CYLD was also dependent on IKK␥, which was blocked in the IKK␥-deficient cells and rescued upon IKK␥ reconstitution (Fig. 3A, upper panel) . To localize the region within CYLD that is phosphorylated by IKK, CYLD mutants harboring sequential truncations were subjected to phosphorylation analysis (Fig. 3C) . Deletion of 419 amino acids from the N terminus of CYLD has no significant effect on its phosphorylation (Fig. 3C , upper panel, lane 4). Interestingly, further deletion of 27 amino acids generated a CYLD mutant (amino acids 447 to 956) that was no longer phosphorylated (lane 6). The defect of this CYLD mutant in phosphorylation was not due to loss of its IKK␥-binding activity, since all the truncation mutants were competent in IKK␥ binding (Fig. 3D) . Thus, the phosphorylation site of CYLD is likely located between amino acids 420 and 446.
To determine whether IKK directly phosphorylates CYLD, we generated a GST-CYLD fusion protein containing a region of CYLD (amino acids 403 to 513) that covers its phosphorylation site. We then performed in vitro kinase assays using the GST-CYLD substrate and IKK holoenzyme isolated from Jurkat cells or recombinant IKKs. The GST-CYLD was not significantly phosphorylated by inactive IKK isolated from untreated cells but was potently phosphorylated by the active IKK isolated from mitogen-and TNF-␣-stimulated cells (Fig. 3E,  upper panel) . The relative level of GST-CYLD phosphorylation was similar to that of the phosphorylation of GST-IB␣ (lower panel). The CYLD phosphorylation was specific, since the IKK complex did not phosphorylate the GST protein (Fig.  3F) . Further, the GST-CYLD was also phosphorylated by recombinant IKK␤ (Fig. 3G, lanes 6 to 10) and IKK␣ (data not shown) (see Fig. 4C ). Parallel dose-dependent kinase assays using GST-CYLD (Fig. 3G, lanes 6 to 10) and GST-IB␣ (lanes 1 to 5) revealed that IKK phosphorylates these two substrates with comparable efficiencies.
A serine cluster of CYLD is involved in its phosphorylation. The region of CYLD phosphorylation contains a cluster of serines (Fig. 4A, boldface) , including two serine pairs that exhibit homology with the IKK phosphorylation site in IB␣ and IB␤ (Fig. 4A, underlined, and Fig. 4B ). Since IKK is 1 and 5) or the same vector encoding CYLD-specific shRNA (shCYLD; lanes 2 and 6). The CYLD-knockdown cells were reconstituted by infection with retroviruses encoding RNAi-resistant wild-type CYLD (WT R ) or its phosphorylation-deficient mutant M4 (M4 R ). Expression of CYLD and the housekeeping protein tubulin was detected by IB using anti-CYLD and antitubulin, respectively. (F) Phosphorylation of CYLD by cellular stimuli. The CYLDknockdown Jurkat (Jurkat-shCYLD) and HeLa (HeLa-shCYLD) cells reconstituted with CYLD WT R or M4 R were stimulated with mitogens or TNF-␣ as indicated, and the phosphorylation of CYLD was analyzed as described for Fig. 2A . Wild-type CYLD, but not CYLD M4, was phosphorylated.
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known to be a serine kinase (11) , one or more of these serines are likely involved in CYLD phosphorylation. To test this hypothesis, serine-to-alanine (S/A) substitutions were introduced into the GST-CYLD construct to generate mutants harboring various S/A substitutions (Fig. 4A, M1 to M4). In vitro kinase assays revealed that mutation of one pair of the serines (see Fig. 4A, M1 ) partially affected the CYLD phosphorylation by IKK (Fig. 4C, lane 2) . Combined mutation of the two pairs of serines (M2) significantly diminished the CYLD phosphorylation (Fig. 4C, lane 3) , and the phosphorylation of CYLD was completely abolished by the combined mutations of the entire serine cluster (M4, lane 5). Similar results were obtained with the IKK holoenzyme (Fig. 4C, panel 1 ), recombinant IKK␤ (panel 2), and recombinant IKK␣ (panel 3).
To determine whether the result of the in vitro kinase assays is consistent with the in vivo phosphorylation of CYLD, the various mutations illustrated in Fig. 4A were introduced directly into full-length CYLD and the resulting CYLD mutants were examined for their in vivo phosphorylation by transfected IKK␤ and IKK␥. Similar to the in vitro phosphorylation results, the in vivo phopshorylation of CYLD was progressively attenuated along with mutation of more serines and was completely abolished by the M4 mutation (Fig. 4D) . The phosphorylation defect of M4 was not due to its loss of IKK␥-binding activity, as demonstrated by coIP assays (data not shown).
We next determined whether the serine cluster was responsible for CYLD phosphorylation induced by cellular stimuli. For these studies, we stably knocked down the endogenous CYLD in Jurkat and HeLa cells using a pSUPER retroviral vector encoding CYLD-specific shRNA (shCYLD). The generated CYLD-deficient cells (named Jurkat-shCYLD and HeLa-shCYLD) were then reconstituted with the RNAi-resistant form of wild-type CYLD (WT R ) or its phosphorylationdeficient M4 mutant (M4 R ). As expected, CYLD expression was extremely low in cells infected with pSUPER-shCYLD (Fig. 4E , lanes 2 and 6) but could be readily detected in the control cells infected with the empty pSUPER vector (lanes 1 and 5). Further, the CYLD deficiency in the Jurkat-shCYLD and HeLa-shCYLD cells was efficiently rescued by retroviral infection with the RNAi-resistant wild-type CYLD (WT R ; lanes 3 and 7) and M4 mutant (M4 R ; lanes 4 and 8). In vivo phosphorylation analysis revealed that like endogenous CYLD, the exogenous wild-type CYLD was phosphorylated upon cellular stimulation by mitogens (Fig. 4F, lanes 1 to 3) and TNF-␣ (lanes 7 to 9). In contrast, the CYLD M4 mutant was not phosphorylated in response to either inducer (lanes 4 to 6 and 10 to 12). Thus, the IKK phosphorylation sites within CYLD are responsible for its in vivo phosphorylation stimulated by immune stimuli.
To further confirm that the serine cluster of CYLD is phosphorylated in vivo, we generated an antibody that detects CYLD phosphorylation at one of the clustered serines (serine 418). As expected, this phospho-specific CYLD antibody (named anti-P-CYLD S418) did not react with the basal form of CYLD in untreated cells (Fig. 5A, lane 3) . More importantly, the phosphorylated CYLD was efficiently detected by this antibody in stimulated cells (lane 4). Thus, serine 418 is phosphorylated in vivo. IB assays using a CYLD mutant harboring a serine-to-alanine mutation at serine 418 (S418A) showed that mutation of this phosphorylation site did not abolish the inducible phosphorylation of CYLD (Fig. 5B) . This result further supports our idea that multiple serines within the serine cluster likely contribute to CYLD phosphorylation.
CYLD phosphorylation serves as a critical mechanism for regulating signal-induced TRAF2 ubiquitination and JNK activation. To understand the functional significance of CYLD phosphorylation, we first examined whether CYLD phosphorylation affected its ability to regulate TRAF2 ubiquitination. These studies were performed using the HeLa-shCYLD cells reconstituted with RNAi-resistant wild-type CYLD (WT R ) or its phosphorylation-defective mutant (M4 R ). Upon stimulation with TNF-␣, the endogenous TRAF2 was ubiquitinated in the CYLD WT R -reconstituted cells (Fig. 6A, upper panel, lanes 2  and 3) . The inducible TRAF2 ubiquitination was not due to alteration in the level of overall protein ubiquitination in the cells (lower panel, lanes 1 to 3) . Remarkably, the inducible ubiquitination of TRAF2 was largely defective in cells reconstituted with the phosphorylation-defective CYLD mutant (Fig. 6A, upper panel, lanes 5 and 6) . Thus, the CYLD phosphorylation is required for TNF-␣-stimulated TRAF2 ubiquitination. This finding, together with the results presented in Fig.  1 , indicates that the CYLD phosphorylation may serve as a mechanism to inactivate its TRAF2 deubiquitination activity. To further examine this possibility, we generated a phosphomimetic form of the CYLD M4 mutant by substituting the phosphorylation sites (serines) with glutamic acids (named M4 S/E). The constitutive TRAF2-deubiquitinating activity of CYLD and its mutants were analyzed by transient transfection in 293 cells. As previously reported, overexpressed TRAF2 underwent self-ubiquitination (Fig. 6B, lane 1) , which was inhibited by coexpression with wild-type CYLD (lane 2). Consistent with its ability to block the inducible TRAF2 ubiquiti- Cell lysates were subjected to IB using either the regular anti-CYLD antibody or a phospho-specific anti-CYLD antibody (␣P-CYLD) that recognizes CYLD with phosphorylated serine 418. As negative control, an IB was performed using the preserum of ␣P-CYLD. (B) 293 cells were transfected with wild-type CYLD (WT) or CYLD S418A together with IKK␥ and IKK␤ as described for Fig. 3D . Cell lysates were subjected to IB using either phospho-specific anti-CYLD (␣P-CYLD) or regular anti-CYLD (␣CYLD) antibodies.
VOL. 25, 2005 REGULATION OF CYLD BY IKK-MEDIATED PHOSPHORYLATION 3891 nation, the M4 mutant of CYLD retained the TRAF2-deubiquitinating activity (lane 3). Interestingly, however, the phospho-mimetic CYLD (M4 S/E) completely lost its ability to inhibit TRAF2 ubiquitination (Fig. 6B, lane 4) . Parallel coIP assays revealed that both M4 and M4 S/E remained competent in association with TRAF2 (Fig. 6C) . It is thus likely that the phosphorylation of CYLD does not prevent its binding to TRAF2 but may inactivate its DUB function by other mechanisms.
We have recently shown that CYLD is a negative regulator of JNK in the TNF-␣ signaling pathway (29) . Based on the results described above, we reasoned that CYLD phosphorylation might also be required for optimal activation of JNK. This hypothesis was examined using the CYLD-knockdown cells reconstituted with wild-type or mutant forms of exogenous CYLD. In response to TNF-␣ stimulation, JNK was activated in HeLa-shCYLD cells reconstituted with wild-type CYLD (Fig. 6D, lanes 1 to 3) and the level of JNK activation was comparable to the parental HeLa cells (data not shown). Interestingly, JNK activation was significantly attenuated in the cells reconstituted with CYLD M4 (lanes 4 to 6) . Similar results were obtained with the Jurkat-shCYLD cells, which re- ) were transfected with HA-tagged ubiquitin. The cells were either not treated (NT) or stimulated with TNF-␣. Ubiquitin-conjugated TRAF2 were isolated by IP using anti-TRAF2 followed by detection by IB using anti-HA-HRP (upper panel). The level of total ubiquitinated cellular proteins was analyzed by direct IB (lower panel). (B) Phospho-mimetic CYLD loses TRAF2-deubiquitinating activity. 293 cells were transfected with TRAF2 together with empty vector or expression vectors encoding wild-type CYLD (WT), M4, or a phospho-mimetic CYLD harboring serine/glutamic acid substitutions at the phosphorylation sites (M4 S/E). Ubiquitin-conjugated (Ub Conj) TRAF2 was isolated by IP using anti-TRAF2 and detected by IB using anti-HA-HRP (top panel). The expression of CYLD and TRAF2 proteins was monitored by IB using anti-CYLD (middle panel) and anti-TRAF2 (bottom panel). (C) coIP assays to detect the association of CYLD mutants with TRAF2. 293 cells were transfected with HA-tagged TRAF2 together with either an empty vector or expression vectors encoding HA-tagged wild-type (WT) CYLD, CYLD M4, or CYLD M4 S/E. The CYLD complexes were isolated by IP using anti-CYLD followed by detection of the associated HA-TRAF2 by IB using HRP-conjugated anti-HA (upper panel). The protein expression level was monitored by direct IB using HRP-conjugated anti-HA (lower panels). (Fig. 6D, lanes 10 to 12) as compared with the WT R -reconstituted cells (lanes 7 to 9). These data suggest that CYLD phosphorylation is required for disrupting its negative regulatory function in JNK activation.
Functional consequence of CYLD phosphorylation in regulating gene expression. We next analyzed the functional consequence of CYLD phosphorylation in gene induction. Reporter gene assays were performed to assess the role of CYLD phosporylation in regulating NF-B-specific gene expression. We used CD40 as an inducer, because CYLD plays an important role in regulating CD40-mediated NF-B signaling (29) . As expected, CD40 strongly induced the B-dependent reporter gene expression in Jurkat cells expressing the wild-type CYLD (Fig. 7A, column 2) . In contrast, the CD40-induced B response was drastically reduced in cells expressing the phosphorylation-defective CYLD mutant M4 (column 4).
We also analyzed the expression of endogenous genes induced by TNF-␣. Although CYLD has no significant role in TNF-␣-mediated NF-B activation, it negatively regulates the TNF-␣-stimulated JNK signaling pathway. RPA was performed to examine the expression of several genes known to be induced by TNF-␣ (29) . Whereas most of these genes were similarly induced in cells expressing the wild-type or M4 mutant CYLD, the induction of one gene (that coding for RANTES) was markedly attenuated in the M4-expressing cells (Fig. 7B, top panel, lane 4) . This result was not due to the variation in RNA amounts, since it was observed only with RANTES. Further, expression of two housekeeping genes (coding for L32 and GAPDH) suggests that the level of M4 cell RNA was even slightly higher than that of the wild-type cell RNA. This result is consistent with the involvement of JNK in RANTES gene induction (32) . Since RANTES is a critical chemokine that mediates septic shock (27) , this finding suggests a possible role for CYLD in regulating inflammatory responses.
DISCUSSION
Protein ubiquitination is positively regulated by ubiquitin enzymes and counterregulated by DUBs. Although the ubiquin enzymes have been extensively studied, little is known about how the DUBs are functionally regulated. In the present study, we have examined the molecular mechanism regulating the function of CYLD, a DUB that functions as a key negative regulator of cell signaling. Our data suggest that CYLD plays a dominant role in suppressing the ubiquitination of TRAF2, since CYLD knockdown results in constitutive TRAF2 ubiquitination (Fig. 1) . We provide evidence that signal-induced TRAF2 ubiquitination and JNK activation require phosphorylation of CYLD, which appears to serve as a mechanism that inactivates the TRAF2 deubiquitination function of CYLD. Moreover, we show that IKK␥, a key component of the canonical IKK, is required for the inducible phosphorylation of CYLD.
The constitutive TRAF2 ubiquitination in CYLD-knockdown cells explains the basal activation of JNK and IKK associated with CYLD knockdown (29) . However, since the kinase activity (29) , but not the TRAF2 ubiquitination (Fig. 1) , is further induced by TNF-␣, it suggests that TRAF2 ubiquitination is not sufficient for triggering optimal activation of JNK or IKK. The finding that CYLD knockdown results in constitutive TRAF2 ubiquitination not only suggests a dominant function of the DUB CYLD but also implies that the ubiquitin ligase TRAF2 may undergo spontaneous ubiquitination. This hypothesis is consistent with the finding that TRAF2 undergo self-ubiquitination in transfected cells, which is inhibited by contransfection with CYLD (22, 28, 39) (Fig. 6B) . Of course, since these results were obtained with transformed cell lines, it remains to be determined whether CYLD-deficient primary cells also exhibit basal TRAF2 ubiquitination activity. Nevertheless, it is conceivable that under normal conditions, the ubiquitinated TRAF2 may be rapidly deubiquitinated by CYLD. Based on this hypothesis, one can predict that induction of TRAF2 ubiquitination by cellular stimuli is achieved by either enhancing the ubiquitin ligase activity of TRAF2 or inhibiting the DUB function of CYLD. Whereas the former possibility remains to be investigated, we have obtained strong evidence that supports the latter possibility. We show that signal-induced TRAF2 ubiquitination is associated with phosphorylation of CYLD. When the endogenous CYLD is replaced with a phosphorylation-defective CYLD mutant, the inducible ubiquitination of TRAF2 is severely attenuated (Fig.  6A) . A logical explanation of this finding is that phosphorylation serves as a mechanism that temporarily inactivates the DUB activity of CYLD, thus allowing the accumulation of ubiquitin-conjugated TRAF2. In further support of this hy- pothesis, a phospho-mimetic form of CYLD completely lost its TRAF2-deubiquitinating function (Fig. 6B) . The functional consequence of CYLD phosphorylation remains an interesting topic of investigation, since the in vivo physiological function of CYLD has not been well defined. Nevertheless, we have shown that interruption of CYLD phosphorylation markedly inhibits CD40-mediated induction of a B-specific reporter gene (Fig. 7A) . Further, in the TNF-␣ signaling pathway, the CYLD phosphorylation appears to be important for the expression of a chemokine gene, coding for RANTES (Fig. 7B) . Future studies will employ the gene array technique to identify more genes under the regulation of CYLD. A prior study suggests that CYLD participates in TNF-␣-induced apoptosis (6). We thus examined whether the phosphorylation of CYLD diminishes its proapoptotic function. To our surprise, we did not observe any significant effect of CYLD knockdown or CYLD phosphorylation on TNF-␣-induced apoptosis in our system (see Fig. S1 in the supplemental material) . Although the precise reason for this discrepancy is not clear, we have noticed that the previous study used a different protocol for apoptosis induction, which involves prestimulation of cells with PMA (6). Since CYLD knockdown has no obvious effect on TNF-␣-stimulated NF-B activation (29) , we believe that CYLD may regulate cell survival downstream of specific receptors. The IKK-mediated CYLD phosphorylation likely provides a cross talk between the canonical NF-B inducing signals and the CYLD-specific receptors. This idea is consistent with the fact that patients with CYLD genetic deficiency only develop a specific type of benign tumor, cylindromatosis (4), instead of having global abnormalities in cell growth/survival. Clearly, a better understanding of the functional consequence of CYLD phosphorylation requires more knowledge regarding the physiological function of CYLD, which in turn will rely on studies using an in vivo model system (e.g., CYLD knockout mice).
IKK is known as a kinase that specifically phosphorylates IB␣ and related inhibitors, thereby mediating the nuclear translocation of NF-B. One intriguing question is whether IKK has other substrates or mediates additional signaling functions. Novel functions have indeed been identified for the noncanonical IKK component IKK␣. One such function of IKK␣ is regulation of epidermal differentiation and skeletal morphology, a process that does not require the catalytic activity of IKK␣ (35) . Another interesting function of IKK␣, which requires its kinase activity, occurs in the nucleus and involves phosphorylation of the histone H3 (3, 44, 45) . This novel function of IKK␣ is required for transcriptional activation of NF-B target genes. Our present study suggests that IKK also regulates the function of DUB CYLD. We have found that CYLD undergoes rapid and transient phosphorylation in cells stimulated with various known IKK inducers (Fig. 2) . The CYLD phoshorylation is dependent on IKK␥, since it is blocked in IKK␥-deficient Jurkat T cells (Fig. 3A) . Transfection and in vitro kinase assays reveal that both IKK␣ and IKK␤ are able to phosphorylate CYLD ( Fig. 3 and 4) , although it remains unclear whether one or both of these IKK catalytic subunits are essential for CYLD phosphorylation. We attempted to address this question using mouse embryonic fibroblasts deficient in different IKK subunits. Unfortunately, the phosphorylation of CYLD could not be detected even in wild-type mouse embryonic fibroblasts (data not shown). Currently, we do not know whether this result is due to the variations in species (the anti-CYLD antibody is for human protein) or cell types. Nevertheless, at least in vitro, CYLD does not show preference to IKK␣ or IKK␤, a property that is different from IB␣ and the IB-like molecule p100, which are preferentially phosphorylated by IKK␤ and IKK␣, respectively (33) . Another interesting feature of CYLD phosphorylation is the critical requirement of IKK␥. Although IKK␣ and IKK␤ efficiently phosphorylate CYLD in vitro (Fig. 3G and 4C) , induction of CYLD phosphorylation in vivo by these IKK catalytic subunits requires the assistance by IKK␥ (Fig. 3B) . One likely interpretation of this result is that IKK␥ functions as both the regulatory subunit of IKK and an adaptor for recruiting CYLD to the IKK catalytic subunits. However, the possibility of the involvement of novel mechanisms in IKK␥ function cannot be excluded. For example, IKK␥ may regulate another kinase that cooperates with the classical IKK in CYLD phosphorylation. Notwithstanding, our findings clearly establish IKK␥ as an essential factor in signal-induced CYLD phosphorylation. Phosphorylation of CYLD represents a novel aspect of IKK function, since it regulates the deubiquitination function of CYLD rather than triggering the degradation of this novel substrate.
